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LCLS-Il Gun and Buncher

Soft X-ray  Experimental

Beam Undulator Halls

Switchyard

LCLS-Il Layout

Cooling
Plant

0 Hard X-ra
Existing Copper Undulatol)—l
Accelerator

Parameter Value and Unit New Superconducting
Technology Room-temperature 2-cell cavity FazeliEnsien
Operation mode Continuous wave (CW)
equency o mode) 3o Low level RF requirements for the injector
o T T RF itter | Arrival time change (fs)
RF fi S 186 MHz (1.3 GHz /7 ‘imum separation mode ‘ P
Tequeney z ¢ =N FO— o Laser timing 80fs 48
Operati 4 cw lominal cavity voltage /
peration mode Gun phase 0.04° 32
Ga Itag: 750 kV Nominal shunt d T8MQ H
p voTaee O Shunt mpecance Gun amplltude 0.01% 45
Field at the cathod 19.47 MV/
leld at the ca © m Nominal unloaded Q (x mode) 23,500 Buncher phaSe 0.015° 43
Q ~ 26000 q
0 Noninal RF povier 78KV Buncher amplitude 0.03% 12
Shunt i da 6.5 MW
T hpecanee RF source maximum power 10 kW Cavl phase 0.05° 20
RF Power @ Qo and 750 keV ~ 100 kW . 0,
N Number of RF couplers 4 (2 per cell) Cavl amphtUde OO3A) 17
Peak surface field 24.1 MV/m T 0 T
— - — Couplr e mogueic otal  arrival  time - 9 (< 1)
wall power density 25.0 W/em
. changes at 95MeV (at
Accelerating gap 4cm Maximum flange-to-flange length 219em 4GeV aft 100 ti
S arter imes
Diameter/Length 69.4/35.0 cm Minimum beam pipe radius 25em b h . )
- . " unch compression
Operating pressure ~107%-10” Torr Maximum operational vacuum pressure <1 nTorr
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Early Injector Commissioning (EIC)

The project decide to commission the injector way ahead of the rest of the machine to gain

experience with the system and reduce the overall project risk

o Temporary shielding R

o Essential diagnostics Optical Flbe PMT]
* BPM RADFET

Diamond

. Toroid Detector i
*  F-Cup =
- YAG = |
. BLM %
o Control system )
« LLRF iy
. Laser
. Software wScintillator

and PMT

o Operation
o GUIs ¥Xs « o x o s §
o  Procedures 8 & 8 8 8 $ 8 & uw
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Gun/Buncher LLRF system and interface

LCLS-!l Buncher Cavity, SSA RF System Interlocks, PPS, EPS

 Follow LCLS-Il SRF LLRF architecture

o 1 Precision Receiver Chassis (PRC) + 2 RF N e , [E e
Stations (RFS) ‘; s

o Fiber link among chassis
o Lots of monitor channels
*  Only one amplitude/phase loop per system
o Loop runs on PRC
* Resonance control actuators are not part of LLRF
responsibility
o  Motor/piezo controller for gun
o  Water temperature system for buncher e
«  Not part of safety system e R
o Receive Enable signal from safety system
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Gun/Buncher LLRF system and interface

* Follow LCLS-Il SRF LLRF architecture - ﬂ “ - B el N
o 1 Precision Receiver Chassis (PRC) + 2 RF
Stations (RFS) ﬂ ﬂ
J
o  Fiber link among chassis AL omoe B e | Son s | Son s |

L

o Lots of monitor channels v ‘
*  Only one amplitude/phase loop per system v v v v

o  Loop runs on PRC I o "y
* Resonance control actuators are not part of LLRI ... } i o
responsibility FWD WD [@} {@J {@] [@]
o  Motor/piezo controller for gun
o  Water temperature system for buncher . £ oo 59 C Wonwy | amy [|C ey | C ony
* Not part of safety system o . [ — -l"“ [ B J-""‘
o  Receive Enable signal from safety system cavit Gy | _covky2 3
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Gun/Buncher LLRF hardware design

—f

Gun LLRF chassis T p——
| g = u ‘F,ﬁl,‘ 11!\’;"“/!

Quantity: 1 set + spare o I -z
Connectorized APEX style RF front end B &~ N =
Each chassis have 8 ADCs 2 DACs channels LAY - P » | & ‘-'“:‘ ’“f =H =S
BMB7 FPGA carrier card B =5 O

«  SRF move on to QF2 later . P ‘ i

o Same digitizer card - | 1 M

Buncher LLRF chassis ’ | = J. ’
o Same production SRF LLRF chassis | . :

o Except FPGA carrier board :
P ? : ' 4" E r
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Gun/Buncher LLRF firmware and software design

Merge APEX code with LCLS-Il SCRF
LLRF code LLRF4.6 Linux PC Linux PC OPI

Spartan 6
EPICS

o i NCRF matlab|python| edm
Firmware — NCRE o

LREX Tools: regmap

O N C RF LLRF fI‘O m APEX ADCs S drvAsyn db generation
- engineer gui —
o Board Support |ayer from SCRF DACs | uUsB libusb | gen Engineering GUI

o EVR/MPS/BSA integration depends on Digiizer “BwB7 Linux PC T PG o1
the SCRF LLRF Xilinx Kintex7 ——
LCLS-lI CLKs M| A 100 matlab|python| edm

° S O ftW a re e ADCs EV‘E f(l_:s:: QSFP drvAsyn Tools: regmap
(@) Based on the SC R F LLR F EP I CS IOC DACs _ GBE ethio | generaton Engineering GUI
o APEX like process

Digitizer BMB7 Linux PC Linux PC OPI
Xilinx Kintex7
® N ew featu res L((:;LS-II |_|_|_|EVR wPS | BSA EPICS matlab|python| edm
un
o Separated DAC drive for multiple sumner L2 | [Ave]  ere matablpyion] edm
g . . ADCs LLRF QSFP drvAsyn Gun Tools: regmap
ampllflers W|th ad]ustable phase ' controller generation
DACs GBE ethio buncher Engineering GUI
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Gun/Buncher RF/LLRF OPI design

Hardware registers and waveforms SLAC style engineering/operating GUIs

Top level status report

LCLS-1I EIC RF STATUS

Gun ApoxcLike Controls

Current

APEX like operating GUI
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Hardware bench test

DIGITIZER SN 080 REPORT

. Boards test
o Digitizer ADC channel isolation, phase noise

o DAC channel linearity, output spur
*  Chassis test

o Channel to channel isolation

@ Receiver linearity and phase noise
@ RF port S11
@]

P .

RFS/PRC Test procedure

Drlve pOWGr Ievel Scope GUNRFS02 Digitizer input signals and isolation
o " dB | chl | ch2 | ch3 | ch4 | ch5 | ch6 | ch7 | ch8
e hi | 00 | -819 | -1165 | -1113 | 984 | -1030 | -1123 | -11.6
ch2 | -81.4 00 -99.9 | -115.0 | -1146 | -115.3 | -113.1 | -115.9
cometon it vk resd s et ol ch3 [ -1175 | -1059 | 00 | 820 |-1140 | -1173 | -1083 | -104.9
chd | -1128 | -1153 | -815 | 00 |[-1156|-1134 | -1109 | -1055
chS | -980 | -1069 | -1141 | -1131 | 00 | -835 | -1088 | -114.1
ch6 | -100.3

<1086 | -1150 | -1132 | 822 | 0.0 |-1041 | -1124
27| -1047 | -106.0 | -108.6 | -1030 | 00 | -85.4
70 | -1018 | -1047 | -1173 | -1085 | -856 | 0.0

[E———
Unearity

DAC count | dBFS (dB) | DACI out (dBm) | DAC2 out(dBm)
2000.0 243 137 141

J 4000.0 -18.3 7.6 -8.1
e e 8000.0 122 18 21

] 16000.0 6.2 41 3.7
32000.0 0.2 9.1 8.8
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Testing rack assembled in B15

@SLAC

Crystal based cavity emulator
12.5kHZ BW, ~Q185=16000

» Test with SSA
» Develop and debug EPICS IOC and

GUI
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Cable/coupler/cavity calibration coefficient

X Gun RF Signal Calibration

F Signal Cailbraion - Expert Screen

Gun Cavity, PRL, Laser

Cavity cavity Phase Reference
Probe 1 Probe 2 Line (PRLY Lezel
ADC counts ———
=t 70 dém
imput during. [erzas [=1382 N 7

chassis test |

e [ voaa|[omm | [ doars | [aem | wo0avs | [oem | [ 100as

Fixed Attenuator | 20.000000 a8 [[30.:000000 [[0-000000 [:000000
cavle  [[:500000 dB [7-570000

Coupler [51:800000 ae  [S100000

Otner  [[0:000000 [[o-000000 [z0200000 [z0:200000

Losses

FoSITIVE
Values
Tota 73300000 | sarroom | c0cooo0 | | zocos0m0
” Uss for Scaling 31168009000 [3Tiss 009000 - - -
tondesh o - ; ADC Linearity to saturation
o I 210 I Blo o e e —
Seam-Based
scote E5er e L Calibration Steps
N 1. Calibrate ADCs at 10.00 dBm at back of each channel
XS o L B0 = — * 2. Extrapolate ADC calibration factor to full scale (12 dBm typ.)
3. Calibrate additional attenuators
ssn oy creatmor 4, Calibrate long cable from cavities to the rack at 10.00 dBm, measured by live LLRF waveform aquisition
g Y q
Drive ooy Forvard Revarze Forvard Bevarze Fonvard Bevarze « Directional coupler coefficient from vendor datasheet
[si7es B [Eza [iess [o7as [siess [ * Cavity loaded Q, R/Qand coupling coefficient fronfold  test
[ dozes|[@n] [ weasi fae] [ sessifan ] [ weare e | [ deses e | [ o T |
|

o | 2atoo000 | russsnon Toaszoon 1 sraon 1 sunoon wozzomn [ | | woceoa [an |

[ s [ [T amz [oam oo s |

onve oy e e Fonra e e
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LLRF cavity test with tiny power

VNA scan withSSA bypassed

o 1 W total RF power gun
o 2 W total for buncher

Software development

Enabled practice on balancing and
detune calculation

When EIC was ready for high power,
LLRF system was already proven

F#7%% U.S. DEPARTMENT OF Office of

EN ERGY Science

000000

Amplitude (dBFS)
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Gun/Buncher LLRF and EIC milestones

. 2016.10.03 Peer review

) 2016.12.08 Preliminary design review

. 2017.7.27 Final design review, gun chassis bench tested
. 2017.12 - 2018. 6 Rack test/ SSAtest B15 @ SLAC

. 2018.4.24 EIC readiness review

. 2018.7 Chassis installation, 1W test

. 2018.4-2018.8 tape baking

. 2018.8 RF on, observe dark current

. 2018.9 Full power on gun and buncher

. 2018.9-2019.4 bake out

. 2019.4 Full power, CW, close loop on gun and buncher

. 2019.5.29 First photoemission beam

. 2019.6 Continuous operation, measure beam power, repetition rate
. 2019.8 Measure beam charge

. 2019.9 Injector source TTO
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Early Injector Commissioning

RF conditioning RF conditioning ClIJ" RI;lr;olwer Photo emission
- 1st attempt = 2nd attempt  GUN:GUN:L00:AACT (8:32, 29007 0P beam

Multipacting Change
Add 2nd pump { PV scalo

lose RF amp
phase loop again

1.00 4
0.95
0.90
0.85
0.80
0.75
0.70
0.65

0.60 Loadlock
0.55

bakeout
0.50 3 entified gun né/
0.05

W45 <§ 2nd probe broke A
un ' \
waveguide{
repair
o) || | | I

0.40
0.35 1

08-01-18 09-01-18 10-01-18 11-01-18 12-01-18 01-01-19 02-01-19 03-01-19 04-01-19 05-01-19 06-01-19 07-01-19 08-01-19 09-01-1
Main Time Axis

0.30
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0.10 '
I

w




Detune and frequency tracking

° C&Vlty frequency Change when warm up . Tuner track the gun frequency

©  Gun start at ~300kHz away o Tuner range / Speed / Granularity

o Buncher start at ~500kHz away - Water temperature track buncher frequency

. LLRF track the frequency
o  Adjust drive frequency in software
o  “Self excited mode” in firmware

»  Original scope did not include frequency
tracking, APEX use it routinely.

o  Thermal effect, so slow variation
o EPICS based resonance control
. Detune calculation
@ Pulse mode
. Curve fitting on falling edge decay

waveform
«  Directly frequency difference . LLRF frequency tracking has been very
o CW mode valuable for gun tuner commissioning

. Analysis forward and probe phase

. Phase difference from cable length
difference

» U.S. DEPARTMENT OF Off e Of OLOGY & f}
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Balancing multiple drives

Adjust relative amplitude and phase among different
drives to minimize reflection

* Corse adjustment at low power low duty cycle
* Drive only with single SSA
* Measured one probe amplitude and phase
* Calculate coefficient by pseudo inverse

* Adjust at high power as need to achieve lowest
reverse power

* Fine Adjust as needed along the way

U.S. DEPARTMENT OF Office of

EN ERGY Science

X fusiflocalflcls/tools/edm/display/lif/if_gunb_buncher_balance.edl

CLS-I| RF Buncher
35 Balancing

Amplitude

Phase

SSA1 SSA2

SSA3 SSA4

VuRF orve: USR] NN AR (NEIE
Reverse:  (NNHIREIN TR NEANR ST
Forvars: - NERATN RN IETRE BT

SSA1 SSA2 SSA3 SSA4

LLRF Drive: _ _ _ _
OV 135 30 ceg 13643 cag 13620 deg 11354 deg |
Forvard: NS HEECETN EEEXTN EEXITN

Seale (%) [ [ree B

Is7

Offset -180 -100 -7 24
e e o

ACCELERATOR TECHNOLOGY &
APPLIED PHYSICS DIVISION

Cavity Probe

Spare Cavity
Phase: [N Probe Phase: RN

Amplitude in sqrt{Watts)

nnnnnnnn

LLRF Drive:

SSA1 SSA2

Y T e |
orvard: I RN

wa orve: SRR NN
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Turn on procedure on a good day

deg

Time Plots

101.0

100.9

100.8

100.7

100.6

1005

1004

1003

100.2

1001

100.0

z

I

® GUN:GUNB:100:DUTY_CYCLE (5:100%)

™ GUN:GUNB:100:AOPEN (5,000:30,000MV) ® GUN:GUNB:100:FREQ_OFFSET {-287,917:51,973Hz) ™ GUN:GUNB:100:BT_CLOSELOOP {0:1 discrete) ™ GUN:GUNB:100:FREQ_LOOP_CLOSE (0:1 discrete)

GUN:GUNB:100:DETUNE_MODE {0:1 discrete )

@ >

31,000
50,000 30,000 1.00
pen leo - i
ZQ. gn 2P ency difference from nominal
drlvzﬁo 0.85
-amplitude
23,000 075
-50,000 22,000 0701
B T - - - %
oo oo Wait until cavity reach Use tuner to move cavity
"0 o] 2 0ss RS it thermal equilibrium in frequency to nominal Close
1250001 = 17,000 | & g50 p duty frequency tracking mode amplitude
16,000 | 5 cycle up to — p
-150,000 15,000 =045 99% v ) / phase Ioop
14,000 040 \
-175,000 13,000 0.35
o] o Switch to tuner Ramp duty
ool 025 Power PR G kiR G- e gHeRey; A
-225,000 g CyCle to
9,000{ 020 ramp up to 100%
- X 8,000 .
250,000 o] " nominal
-275,000 goon{ "0 Switch to CW
S0007 005 A detune calculation
-300,000 4,000

00
09-26-19 09:30

09-26-19 09:35

08-26-1909:40 09-26-19 0345 09-26-1909:50 09-26-1909:55 09-26-1910:00 09-26-1910:05 09-26-1910:10 08-26-1910:15 08-26-1910:20 09-26-19 10
Main Time Axis
[ + I - I 1+ I + I <> I = l >« | hd ‘DAnti»Alias [[] Leave Ignored Items

25 08-26-1910:30  09-26-1910:35

09-26-1910:40  09-26-1910:45

~
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Turn on procedure on a good day

| Time Plots X
 GUN:GUNB:100:DUTY_CYCLE {5:100%) = GUN:GUNB:100:A0PEN {0:30,000MV) ® GUN:GLING:100:FREQ_OFFSET {-295,650:51,973H) ™ GUN:GUINB:100:BT_CLOSELOOP (0:1 discrete) ® GUN:GUINB:100:FREQ_LOOP_CLOSE {0:1 discrete )
GUN:GUNB:100:DETUNE_MODE (0:1 discrete )
100 — F
1.0 50,000 30,0001 1.0
- 90 25,002 275001 g
80 25,000 ]
0.8 -25,000 22500 0.8
0.7 b -50,000 20'000 w07
5 -75,000 0001 3%
06 -100,000{ 17,500 { @ 06
g | splN = £
T 05 T -1250001% 15000 { 8 05
-150,000
40 ’ 12,5001 £
fit -175,000 LR
o3l 301 -ao0000{ 1000017 ..
225,000 7,500
0.2 20 0.2
-250,000 5,000 -
01 10{ -275,000 2500 01 ™
-300,000
0.0 0 o) 00
09-26-19 10h 09-26-19 11h 09-26-19 12h 09-26-1913h 09-26-19 14h 09-26-19 15h 09-26-19 16h 09-26-1917h
Main Time Axis
A v - n
- - 4+ 2 4> v >« Ao [] Anti-Alias [_] Leave Ignored Items
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Buncher cavity field stability short term (12ms

Open loop Close loop with different gains

buncher_open_CW_6.7kW_data_a.csv buncher_close_CW_6.7kW_data_c.csv
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Buncher cavity field stability short term (12ms

Open loop Close loop with different gains

buncher_open_CW_6.7kW_data_a.csv buncher_close_CW_6.7kW_data_c.csv
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Buncher cavity field stability mid term (5 min)

Probe1phase.mean()
Probe2phase.mean()
probe1phase.std()
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Gun cavity field amplitude short term stability (12ms)
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Gun cavity field amplitude short term stability (12ms)
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Not so good days

| Time Plots
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Physicists and operators run EIC for beam test

First Photoelectrons

« Background subtracted image
* Uncoated Mo cathode (low QE)
« 0.5 pC/bunch (measured on
pico-ammeter with 60% duty
cycle)
« 10 kHz laser rep rate
« TTO requires 20 pC/bunch
« Pico-ammeter signal with laser
on/off at 10 and 93 kHz
« Dark current has risen from
0.00005 to 0.0005 pC/bunch
« Specification is 0.002 pC/bunch
« Expect high dark current due to
rough dummy cathode
« Wil measure again with Cs,Te
cathode installed

laser OFF

s 93 kiiz laser

"Was e

o7

laser OFF

10KHZ laser

Charge Measurements

Beam Energy 760 keV.

~

BERKELEY LAB

U.S. DEPARTMENT OF

EN ERGY Science

%)

* 84 kW rf power input
« Expected energy is 680 keV.
* =10% uncertainty
» Beam based energy measurement measures 760 keV/

Ceerelation Plot 06-Jun- 2019 11:15:44

« Resolution is about 10 keV.
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Laser pulse energy decreases as repetition rate increases
Thermal lensing problem in the harmonic crystal

«  Willimplement telescope to change beam size at high rep rates
Approximately 5 nA of dark current at the Faraday cup

«  Dark current specification is <400 nA

«  Dark current decreasing over time with RF on
QE=0.3%

«  Consistent with 1.5% QE measured in deposition laboratory in May
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Transitioned to Operations

UV Laser Pulse Energy @ cathode 0.03 uJ 0.3 uwl

Beam Energy 500 keV 760 keV
Injector Source

Charge 20 pC >200 pC

Repetition Rate 93 kHz >900 kHz

Office of ACCELERATOR TECHNOLOGY & D
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Summary and looking forward

o EIC complete

o Operations will continue to optimize, improve performance through
October

o Install improved hardware in November (RF probe, buncher coupler, gun
tuner motors, buncher chiller etc)

© Rebake gun and verify operation in December/January
 LLRF

o Gun/Buncher LLRF system successfully run the cavities to meet the EIC
requirement

o Upgrade FPGA carrier to QF2 and IOC to FEED based
Implement additional feature requested during EIC
o Real full system stability analysis
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LABORATORY

Thanks to the LCLS-IlI LLRF collaboration team

Thanks to the LCLS-II EIC team
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LCLS-II EIC STATUS Brunch mode GUI from Alex Saad
Gun Bruncher
SSA1 Status SSA On Amplitude 0.74 MV SSA1 Status SSA On Amplitude 0.06 MV
SSA2 Status SSA On Pulse Width 20.0004 ms SSA2 Status SSA On Pulse Width 3.9998 ms
LLRF Master On Pulse Interval = 2020 ms SSA3 Status SSA On Pulse Interval = 40.00 ms
GunVac 257600 TORK  Duty Cycle 99.0021 % SSA4 Status SSA On Duty Cycle 10.0000 %

Forward Power

Reverse Power

Forward Power

Reverse Power
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Time (s) Time (s) Time (s) Time (s)
SSA1 38663.49 W SSA1 253.04 W SSA1 363.95W SSA1 5.87W
SSA2 38186.32 W SSA2 215.15 W Y SSA 2 350.08 W SSA 2 5.29 W
Total 76849.81 W Total 433.67 W SSA3 302.88 W SSA3 6.00 W
Avg 7608291 W Avg 321.63W SSA4 44296 W SSA4 10.07W
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